We have studied U3Si2 by means of the heat capacity, electrical resistivity, Seebeck and Hall effects, and thermal conductivity in the temperature range 2-300 K and in magnetic fields up to 9 T. All the results obtained point to delocalized nature of 5f-electrons in this material. The low temperature heat capacity is enhanced (gel ~ 150 mJ/mol-K 2 ) and shows an upturn in Cp/T (T), characteristic of spin fluctuations. The thermal conductivity of U3Si2 is ~8.5 W/m-K at room temperature and we show that the electronic part dominates heat transport above 300 K as expected for a metallic system, although the lattice contribution cannot be completely neglected.
Introduction:
Binary uranium-silicon compounds have been extensively investigated for use as nuclear fuels in new generation reactors [1] . In particular, U3Si2 has become a material of interest for its potential as an accident tolerant fuel used in commercial light water reactors (LWR) [2] . The high-power densities in LWR cores make a pressing need for more accident tolerant fuel materials to replace existing Zr alloy clad uranium and plutonium oxide fuels. Extensive research has been performed on U3Si2 for use in dispersion plate type fuel for research reactors. This fuel performed well under these conditions, but in the anticipated LWR application, U3Si2 will be irradiated above the temperatures that were studied previously. Amorphization and swelling is expected to behave differently above 250°C, as discussed by Birtcher 1996 [3] . Several factors make U3Si2 appealing, including a higher uranium density than UO2 (currently the most commonly used commercial fuel). An improved thermal conductivity over the comparatively poor UO2 is also of particular note, as better thermal properties can contribute to power uprate potential from higher linear heat generation rates in the fuel and smaller temperature gradients during reactor start up could reduce cracking of fuel pellets. A higher thermal conductivity is also beneficial during some accident scenarios.
Although much effort has been dedicated to studying the thermo-physical properties of U3Si2 at high temperatures, there is only limited data available at lower temperatures. The operating temperatures in nuclear reactors are high (~1000 K), however, many important physical characteristics such as the effect of electronic correlations and/or impact of defects and other degrees of freedom on the electrical and heat transport in nuclear materials are all emphasized at moderate or low temperatures. Therefore, in order to better understand the nature of the 5f-electrons and mechanisms that govern electrical and heat transport in this important technological material, and to accurately model this compound at all relevant temperatures, these effects must be quantified.
The minimum U-U distance in U3Si2 is 3.32 Å [4] , which is below the Hill limit [5] , leading to the expectation of magnetic moments being suppressed. In fact, previous magnetic and electrical studies suggest a large degree of 5f-electron delocalization in U3Si2. The low temperature magnetic susceptibility shows little temperature dependence and no transition to a magnetically ordered state, characteristic of Pauli paramagnetism [4] [6] [7] . In addition, a broad maximum in magnetic susceptibility around 300 K and a characteristic s-shaped ρ(T) curve [8] suggest the presence of spin fluctuations in the uranium 5f moments in U3Si2 [9] . The dependence between Knight Shift and spin relaxation rate values obtained from Si 29 NMR compared to the susceptibility are also similar to prototypical spin-fluctuator UAl2 [9] . A recent study on hydrogenated U3Si2H1.8, which has the same crystal structure as U3Si2 with expanded lattice parameters, also suggested the presence of spin fluctuations [7] .
In this work, we have investigated the low temperature thermal properties of U3Si2, as manufactured using industry scalable techniques for testing in future nuclear applications under LWR conditions. This gives the opportunity to characterize the material in the form it might be used in real applications. All results, especially enhanced low temperature heat capacity, characteristic behavior of magnetoresistivity, and thermoelectric power, are consistent with delocalized nature of 5f-electrons in this material. The low temperature heat capacity data obtained for U3Si2 is consistent with a spin fluctuation model. We show that at room temperature the thermal conductivity of U3Si2 is dominated by the electronic part, although a smaller lattice contribution still remains.
Experimental Details:
Polycrystalline samples of U3Si2 were prepared by arc-melting stoichiometric amounts of elemental U and Si. The arc melted ingots were then comminuted into powder, pressed, and sintered into pellets, as detailed in ref. [10] . Powder diffraction from that work confirmed that the structure was tetragonal (space group P4/mbm) with lattice parameters similar to those previously reported in literature [4] , though minor phases of USi and UO2 were seen in the pattern. Though X-ray diffraction of the sample showed a presence of a small amount of UO2 phase, the strong magnetic feature near 30 K in UO2 Cp was not observed [11] consistent with the very small amount of this material present in the samples studied. Helium pycnometry showed pellet density of 11.54±0.06 g/cm 3 (~95% theoretical maximum). Samples for this work were sectioned from these sintered pellets. A sketch of the crystal structure of U3Si2 is shown in the inset of Figure 1 . The thermal conductivity, resistivity, Hall effect, and heat capacity measurements were done in a DynaCool Quantum Design Physical Property Measurement System (PPMS) system equipped with a 9 T superconducting magnet. The sample configuration for resistivity and Hall effect measurements was a typical 4-lead ac method using platinum wire leads connected with Epo-Tek silverfilled H20E epoxy. Typical errors in the resistivity and Hall effect measurements are ~2%, mainly due to uncertainty in measurement of sample form factor (approximately 2 x 1 x 1 mm bars) and in case of heat capacity it is less than 3%. The thermal conductivity and thermopower measurements were done in continuous heating mode of the TTO option using a pulse-power steady state method in the PPMS as the sample was ramped from 2 Kelvin to 300 Kelvin at 0.25 K/min. Errors using the TTO option are largest at higher temperatures due to corrections for heat lost from thermal radiation, reaching ~5% near room temperature. In order to obtain the high temperature thermal conductivity, a combination of laser flash analysis (LFA) and differential scanning calorimetry (DSC) was used to measure the thermal diffusivity (a) and specific heat capacity (cp), respectively, of samples from this same batch from room temperature to 1000 K under gettered high purity (UHP) argon. The LFA measurements were performed on a Netzsch LFA 457 instrument following ASTM E 1461-13 [12] . The DSC measurements were performed on a Netzsch DSC 404 F1 instrument according to ASTM E1269-11 [13] . Values for thermal conductivity were calculated according to ( ) = ( * , , where k is the thermal conductivity, aT is thermal diffusivity, cp is the specific heat capacity and rD is the mass density as a function of temperature, resulting in maximum errors of ~5%.
Results and Discussion:

Electrical Resistivity and Magnetoresistivity
The temperature dependence of the electrical resistivity, ρ, of U3Si2 is shown in Figure 1 . The resistivity decreases with decreasing temperatures typical for metallic systems, exhibiting an inflection point at approximately 50 K. This "s-shaped" behavior is characteristic of strongly correlated 4 and 5f-electron systems, especially spin fluctuators [14] [15] . For comparison, in the inset, we have also included the temperature dependencies of the electrical resistivity of U3Si2 from previous studies [6] [8] [16] . As seen from the figure, our room temperature resistivity agrees with some previous reports [16] , but is lower than others [6] [8] . The difference in absolute magnitudes of the resistivity found in U3Si2 might suggest that the electrical transport is sensitive to details of the atomic (for instance, off-stoichiometry) or electronic disorder in this material. In order to investigate this behavior in more detail electrical measurements on single crystalline materials are required. To study the influence of magnetic field on transport properties in U3Si2, we measured transverse magnetoresistivity in magnetic fields as strong as 9 T. In Figure 2 , we plot the temperature dependence of magnetoresistivity, defined as MR = [ρ(H)-ρ(0)]/ρ(0). As seen from the figure, the magnetoresistance is typical of non-magnetic metals, showing a small positive value that increases with increasing applied field [17] [6] . MR measured in H = 9 T is very small, of the order of 0.45 % at 2 K. With increasing temperature MR decreases and saturates at ~0.05 % above 30 K. An anomaly can be seen at approximately 20 K, the origin of which is not clear at the moment and is a subject of ongoing investigations. The inset in Figure 2 shows several isotherms of the magnetoresistivity (MR) of U3Si2 as a function of applied magnetic field. Interestingly, both MR(T) and MR(H) display similar behavior to TiBe2 and UAl2, where it was shown that it is related to ordinary magnetoresistivity due to the orbital motion of the electrons in magnetic field and due to spin fluctuations [18] .
Seebeck and Hall effect
The Seebeck coefficient, S, as a function of temperature is shown in Figure 3a . The value at room temperature of about 14.3 μV/K is larger than observed in simple metals such as Cu, Au, or Ag and its absolute magnitude is much closer to that of Pd [19] . With lowering temperature, the thermopower smoothly decreases with decreasing temperature down to 2 K, our lowest temperature measured. The overall temperature dependence of the Seebeck coefficient of U3Si2 is similar to some other U-based correlated materials [20] [21] [22] . Accordingly, S(T) for U3Si2 was analyzed in the framework of a model that takes into account scattering conduction electrons by a 5f quasiparticle band of a Lorentzian form [20] . In this so-called two-band model the thermoelectric power is given by: 
The symbol ε denotes the energy position of the 5f band with respect to the Fermi level and Γ stands for its bandwidth. As shown in Fig. 3a, [24] . In addition, assuming a single-band model and scattering from atomic disorder being dominant at high temperature, the Fermi energy εf can be approximated by εf = kB 2 π 2 T/3|e|S [25] . This gives a value of εf = 0.513 eV, and an estimate for the effective carrier concentration ns ~10 21 cm -3 . As seen in Figure 3a , below 170 K the thermopower of U3Si2 shows some deviation from the model used. This might be indicative of the presence of more complex electronic structure in this material. Also, other contributions to the thermoelectric power such as phonon drag effect [26] might contribute to the total S(T) in U3Si2.
The temperature dependence of the Hall coefficient, RH, is also shown in Figure  3a . The value of the coefficient is negative over the entire temperature range, suggesting that electrons with high mobility are dominant charge carriers. The RH(T) shows little temperature dependence and its value is of the order of -5 ×10 -4 cm 3 /C, one order of magnitude larger than RH of Copper (~-5 ×10 -5 cm 3 /C [27] ). Once RH is determined, the charge carrier density (n) can be estimated as n = 1/(RHe), as seen in Figure 3b . At 250 K, this corresponds to 1.4 mobile charge carriers per formula unit. Similarly, using the measured electrical resistivity (ρ), the charge carrier mobility (μ) can be determined using the formula μ = RH/ρ, as shown in Figure 3b , giving ~15 cm 2 V -1 s -1 at 250 K. The so-obtained carrier concentrations and motilities can be compared to other strongly correlated metals using their conventional temperature independent RH in the limit much larger than the Kondo temperature, such as CeNiGe3 with n = 6.7 ×10 -21 carriers/cm 3 (0.65 carriers/f.u.) and μ ~ 9 cm 2 V -1 s -1 [28] , UGe2 with n = 6.6 ×10 -21 carriers/cm 3 (0.4 carriers/f.u.) and μ ~ 2.5 cm 2 V -1 s -1 [29] , and U2Zn17 with n = 14 ×10 -21 carriers/cm 3 (2.9 carriers/f.u.) and μ ~ 3.4 cm 2 V -1 s -1 [30] .
The negative Hall coefficient together with positive Seebeck coefficient, indicate that a simple free electron model cannot be used to describe the electronic properties of this system. DFT calculations using spin-orbit coupling and an on-site coulomb correction [31] [32] indicate that besides uranium 5f-electrons there are also several overlapping states, in particular 6d and 3p at the Fermi level. Interplay between conventional and extraordinary components with differing electron-like or hole-like character could lead to anomalous values for RH [33] .
Heat Capacity
The temperature dependence of the heat capacity (Cp) of U3Si2 is shown in Figure 4 . The value of Cp at 300 K is 149 J/mol-K, which is consistent with previous high temperature studies [34] . This is, however, higher than the theoretical DulongPetit limit for the phonon specific heat contribution, 3Rn = 124.71 J/mol-K, where R is the Gas constant and n stands for number of atoms in the formula unit. This suggests that there may be a large electronic component to the specific heat, even at room temperature. The inset of Figure 4 shows the low temperature heat capacity depicted in a Cp/T vs. T 2 plot. The upturn at low temperature is a feature common to strongly correlated compounds that exhibit spin fluctuations [35] [36] [37] [38] . Recent heat capacity measurements of U3Si2H1.8 also show an upturn in the low temperature heat capacity [10] . In this class of materials, the low temperature heat capacity can be expressed as [39] :
where γ is the renormalized value of the Sommerfeld coefficient that is proportional to electronic density of states at the Fermi level and consequently the effective mass of carriers, the β term is the lattice contribution related to Debye temperature by:
the α parameter is proportional to inter-spin Coulomb repulsion, density of states, and Stoner exchange enhancement [39] , and Tsf stands for the temperature of spin fluctuations. A least-square fit to the data below ~10 K gives; γ = 149.7 mJ/mol-K 2 , β = 1.27 x 10 -3 J/mol-K 4 , α = 170.7 J/mol-K 6 , Tsf = 207.8 K and is shown by the solid line in the inset of figure 5 . An estimation of the Debye temperature can be obtained from β using equation 3 to be ΘD = 197 K, which agrees with previous estimates [34] [40]
[41]. Figure 5 shows the temperature dependence of the thermal conductivity (κ) of U3Si2. As seen from the figure a monotonic increase over the temperature range measured, rising to a value of 8.4 W/m-K at 300 K. This is in agreement with previously published high temperature studies [34] [42] . In metals and intermetallics the thermal conductivity is governed by contributions coming from electrical carriers and from lattice vibrations (phonons) and may be approximated by κ(T) = κel(T) + κph(T). The contribution of the electronic thermal conductivity (κel) can be estimated from the Wiedemann-Franz law:
Thermal Conductivity
which relates κel to the electrical resistivity ρ(T) through the Lorenz number, L = 2.44 ×10 -8 WΩ/K. In many cases the Lorenz number can be considered as temperature independent over a wide range of temperatures and materials [43] . In strongly correlated materials, though, some deviations from the ideal value of L have been observed at low temperatures (below 100 K), especially in systems with non-Fermi liquid behavior or near a quantum critical point [46] . By subtracting κel from the total, it can be seen from Fig. 5 that the so-obtained lattice thermal conductivity kph is relatively small reaching ~2 W/mK at room temperature. In order to extend the thermal conductivity determination to higher temperature range we have performed high temperature laser-flash measurements performed on the same samples as used in the low temperature studies (see the inset in Fig.5 ). It is worth noting that the measured conductivity is consistent with previous experimental results for U3Si2 in the high temperature regime [34] [44] . As shown in the inset of Fig. 5 , at about room temperature the results are very close, and the trends with respect to increasing temperature are nearly identical. Agreement between all these values indicates that presence of minor phases in U3Si2 do not significantly alter the total thermal conductivity of the samples. In the context of the heat transport performance of U3Si2 it is worthwhile to compare the measured lattice thermal conductivity to the theoretically achievable minimum of the phonon contribution. The latter may be derived from the expression [45] :
In this model no distinction is made between the transverse and longitudinal acoustic phonon modes. The result obtained for U3Si2 (qD = 197 K and n = 4.75 28 m −3 ) is shown in Fig. 5 by the solid line.
Summary and Conclusions
To summarize, we present the heat capacity, electrical resistivity, Seebeck and Hall effects, and thermal conductivity of U3Si2. The measurements were performed in wide temperature and magnetic field ranges (2-300 K and in magnetic fields up to 9 T). No magnetic ordering has been found down to 2 K and all the results obtained, especially small magnetoresistivity, large low-temperature heat capacity, and characteristic dependence of the Seebeck coefficient, point to delocalized nature of 5f-electrons in this material. The low temperature heat capacity is enhanced (gel ~ 150 mJ/molK 2 ) and shows an upturn in Cp/T(T), characteristic of systems with spin fluctuations. The thermal conductivity of U3Si2 is ~8.5 W/m-K at 300 K and is governed by electronic and lattice contributions. The lattice part of the total thermal conductivity is relatively small in U3Si2, with electrons dominating heat transport above 300 K. This knowledge of the details of the heat transport in U3Si2 will be useful for researchers working on modeling and simulations of this new advanced fuel. Future measurements on single crystal samples would be useful to further study these properties in a more idealized case with better structural and atomic order. The dotted line represents the lattice part of the thermal conductivity of U3Si2, while the mimimum thermal conductivity from equation 5 is a solid line. Inset: the thermal conductivity of U3Si2 from 2 up to 1800 K. In this inset we include the low temperature measurements (steady-state), a laser flash study performed at INL on the same materials (laser flash) and previous laser flash measurements performed at LANL by White at al [44] .
